Background: Although diet is believed to be a major factor underlying the evolution of venom, few comparative studies examine both venom composition and diet across a radiation of venomous species. Cone snails within the family, Conidae, comprise more than 700 species of carnivorous marine snails that capture their prey by using a cocktail of venomous neurotoxins (conotoxins or conopeptides). Venom composition across species has been previously hypothesized to be shaped by (a) prey taxonomic class (i.e., worms, molluscs, or fish) and (b) dietary breadth. We tested these hypotheses under a comparative phylogenetic framework using ecological data from past studies in conjunction with venom duct transcriptomes sequenced from 12 phylogenetically disparate cone snail species, including 10 vermivores (worm-eating), one molluscivore, and one generalist.
Background
The use of venom for predation has evolved several times across the animal kingdom in organisms such as snakes, snails, and spiders [1] . The majority of venoms consist of complex mixtures of toxic proteins [1] [2] [3] and extensive variation in venom composition is documented at nearly all biological scales of study ranging from individuals to species [4] [5] [6] [7] . Understanding the forces that shape venom evolution and variation in venom composition among predatory venomous taxa is not only of intrinsic interest to ecological and evolutionary studies [8] , but has far reaching implications across several biological disciplines, including drug development in pharmacology and understanding protein structurefunction relationships in molecular biology [9, 10] . Diet is thought to be a major driver of venom composition patterns because venom is intricately linked to a species' ability to capture and apprehend prey [8, 9] . There are currently two major hypotheses that attempt to explain the impact of diet on broad-scale patterns of venom composition across taxa: (1) prey preference should determine venom components and (2), dietary breadth should be positively correlated with venom complexity [4, 11, 12] . While both hypotheses are often used interchangeably as evidence for the role of diet in venom evolution (e.g., [11, 13, 14] ), they have separate and distinct predictions on patterns of venom composition among taxa: whereas the former hypothesis predicts the types of venom proteins expected for a given species, the latter hypothesis predicts how many proteins are employed for prey capture.
The idea that prey preference should determine the types of venom proteins employed by a given species is grounded in the logic that natural selection shapes the venom repertoires of species to become more effective at targeting the physiologies of their prey [4, 9] . Several studies support this relationship, including correlations between variation in diet and venom components among populations within species [4, 15] and functional studies which show that the toxic effects of venoms from different species were maximally effective on their preferred prey [6, [16] [17] [18] . For example, snake venoms from species that preferentially feed on arthropods were more toxic upon injection into scorpions relative to venom extracted from a species that feeds almost exclusively on vertebrates [19] . However, there are cases where variation in venom composition cannot be attributed to dietary preferences, challenging the generality of this pattern [20, 21] . Indeed, gene duplication, positive selection, and protein neofunctionalization are defining features of venom gene evolution [22] [23] [24] [25] and these forces work in concert to promote divergence in venom composition among taxa. Given the high evolutionary lability of venom toxins, it is unclear that a relationship between dietary preference and venom composition should be expected.
The second hypothesis on dietary breadth and venom complexity seeks to explain why some species employ more venom proteins than others for prey capture [26] . Under this hypothesis, dietary breadth should be positively correlated with venom complexity because a greater number of venom proteins is necessary to target a wide variety of prey species [11, 12] . Although rarely invoked in venom studies, this relationship is explicitly predicted by the niche variation hypothesis, which posits that individuals or populations with wider niches should display greater phenotypic variance [27] . To date, nearly all evidence supporting the impact of dietary breadth in shaping patterns of venom complexity are essentially observational. For example, sea snakes, which mostly feed on fish, have less diverse venoms compared to land snakes, which typically feed on arthropods, reptiles, amphibians, birds, and mammals [11] . In addition, prey specialists tend to have less complex venoms compared to generalists [11, 28, 29] . Despite the apparent signal, these observations have yet to be tested in a phylogenetically controlled and rigorous manner.
Although diet is widely accepted as the dominant force governing venom evolution across disparate venomous taxa [8] , few multi-species comparative studies exist that explicitly examine the impact of diet on venom composition patterns across venomous radiations. The majority of studies implicating the prominent role of diet in venom evolution are based on variation in venom composition among populations within species or among closely related species [4, 14, 19, 20, 30] . In some cases, broad generalizations on the evolutionary trends of venom and diet are made from the analyses of a few individuals from a single species (e.g., [12, 31] ). In addition, knowledge on venom composition is often incomplete -most studies are restricted to commonly known gene families [32, 33] , challenging the generality of previous results given that a substantial proportion of venomous cocktails potentially go unexamined. Without employing a broad and robust comparative phylogenetic approach in conjunction with comprehensive venom data, it is not possible to determine whether previously reported patterns represent general evolutionary trends in venomous taxa or are idiosyncratic phenomena restricted to the particularities of a given study.
Here, we examine the influence of both dietary preference and dietary breadth on venom evolution in cone snails (Family: Conidae), a hyper diverse group of over 700 predatory marine snails that typically prey on either worms, molluscs, or fish using a cocktail of venomous neuropeptides (known as conotoxins or conopeptides) [34, 35] . Each species' venom repertoire is estimated to contain 50-200 peptides and these peptides can be classified into more than 30 gene superfamilies (e.g., A superfamily, M superfamily, etc.) based on the similarity of the signal region (i.e., a conserved region at the beginning of precursor conotoxins containing~20 hydrophobic amino acids that directs the peptide into the secretory pathway) [35, 36] . To examine the relationship between venom composition and diet in cone snails, we sequenced the mRNA from the venom duct of 12 phylogenetically disparate cone snail species consisting of 10 vermivores (worm-eaters), one molluscivore, and one generalist that feeds on worms, molluscs, and fish [34, 37] . We analyze ecological data and venom composition patterns under a comparative phylogenetic framework to test two previously proposed hypotheses that attempt to explain the impact of diet on cone snail venom evolution: (1) traditional prey taxonomic categories (i.e., worms, molluscs, fish) should predict which gene superfamilies are expressed and (2) dietary breadth should be positively correlated with conotoxin complexity [28, 29, 32, 38] .
Results

Transcriptome sequencing and assembly
We extracted RNA from the venom duct of 12 species (1 individual per species): Californiconus californicus, Conus arenatus, Conus coronatus, Conus ebraeus, Conus imperialis, Conus lividus, Conus marmoreus, Conus quercinus, Conus rattus, Conus sponsalis, Conus varius, and Conus virgo (Table 1) . Here, we note that C. sponsalis refers one lineage of the C. sponsalis species complex, where a number of described species are comprised of several, paraphyletic lineages [39] . We use the name C. sponsalis to refer to this species complex pending taxonomic revision of this group. We synthesized RNAseq libraries and multiplexed all individuals on a single Illumina HiSeq 2000 lane. We recovered an average of 25.8 million reads per species (Additional file 1: Table S1 ) and assembled transcripts using Trinity [40] . The number of contigs assembled ranged from 28,878 to 88,052, n50 was 609.25 on average, and the total bases assembled ranged from 15 MB to 50 MB (Additional file 1: Table S1 ).
Conopeptide identification, classification, and diversity
We used a combination of custom Python scripts, BLAST+, ConoSorter (an algorithm used to identify transcripts that code proteins which share similar properties to known conotoxins), and ConoPrec (a tool used to analyze conopeptide precursors) to identify, filter, and classify conopeptides [41] [42] [43] . Conotoxins are typically classified into gene superfamilies and the majority of gene superfamily names contain a single letter followed by an Arabic numeral or are named based on their similarity to proteins from other venomous taxa (i.e., conkunitzins and conopressins) [35] . Conotoxins that could not be classified into these categories were generally given a new name with nomenclatural conventions highly dependent on the study organism and the research group [29, 31, 42] . For example, conotoxins from C. californicus were given the name "Divergent" to reflect its divergent phylogenetic position relative to the rest of Conidae [38] . Through the investigation of conotoxin gene superfamily classifications, we noted several cases where changes in the current naming and classification of gene superfamilies were warranted. Based on signal sequence similarity or protein domain similarity, we reclassified the Divergent_MTFLLLLVSV superfamily as conkunitzins and reclassified the Divergent_MSTLGMTLL superfamily as the N superfamily. We observed that the Divergent_M-L-LTVA superfamily contained several conopeptide precursors with unique and divergent signal sequences. We dissolved this gene superfamily and reclassified it along with all other conopeptides that we were not able to assign into known gene superfamilies.
We used a percent signal sequence identify cut off of 70 % to cluster unassigned conopeptides. We assign new names to (1) novel groupings of conotoxin gene superfamilies and (2) groups of conopeptides with similarity to previously characterized conotoxins, but were not given a formal classification. In total, we identified 2223 unique conopeptide precursor sequences that ultimately become cleaved and processed into 1864 unique mature proteins, 1685 of which are new to this study (Table 1 , Additional file 2: Table S2 ). A substantial proportion of these conopeptides were never assembled by Trinity (7.2-31 % per species, Additional file 3: Table S3 ), but discovered through read mapping and manual reconstruction. These conopeptides span 58 gene superfamilies, nine of which represent gene superfamilies given Figure S1 ). Several of these gene superfamilies were recently characterized (e.g. G-like superfamily, SF-mi1 superfamily, etc.), but not given conventional gene superfamily names (i.e. a letter sometimes followed by an Arabic numeral). Although we expanded the membership of these gene superfamilies, we refrained from changing their names pending functional experiments to determine their role in prey apprehension or defense. Conotoxins are often characterized by their cysteine framework, or the arrangement of cysteine residues often present in mature peptides, which can sometimes provide information on peptide structure and function [32] . We identified 70 unique cysteine frameworks across all the conotoxins identified from this study, 16 of which display a novel cysteine motif not yet described from conotoxins (Additional file 6: Table S5 ). We report 34 new associations between previously identified cysteine frameworks and gene superfamilies (Additional file 6: Table S5 ). Of particular note, we identified cysteinefree conotoxins from the A and O2 superfamilies, which is in contrast to the cysteine-containing toxins previously described from these groups (Additional file 6: Table S5 , [35] ).
While comparing conotoxins described in this study with the ConoServer database, we identified several discrepancies concerning the species of origin for particular conopeptides. For example, although we did not detect the Qc23a precursor peptide (originally described from C. quercinus) in our C. quercinus transcriptome, we found a precursor peptide with 100 % identity in our C. imperialis transcriptome. In another case, nearly every protein (i.e., 70/79 proteins) identified from a recent study on C. flavidus [44] had >95 % sequence identity to proteins identified from our C. lividus transcriptome. Many of these species mismatches occur between distantly related taxa, where high identity between full precursor peptides is not expected [45] . We hypothesized that several of these discrepancies are cases of species misidentification because we confirmed species identification in this study morphologically and genetically using mitochondrial DNA sequences from the transcriptome. We note these instances in the supplementary for further inquiry (Additional file 7: Table S6 ).
Phylogeny inference
We employed an all-by-all blast approach using the Lottia gigantea protein database (GCA_000327385.1, [46] ) as our reference to identify 821 putatively orthologous loci suitable for phylogenetic analysis. These loci represent a total of 863,132 bp and each species had, on average, 88.3 % of the total bases possible in the data matrix.
We inferred a maximum likelihood phylogeny in RAxML and generated a time tree using the program r8s with two fossil calibrations from previous studies ( Fig. 1 , [37, 47, 48] ). The phylogeny was highly resolved with all but two nodes having 100 % bootstrap support (Fig. 1 ).
Interspecific conopeptide diversity patterns
Across all species examined in this study, the number of unique conotoxin precursors ranged from as low as 70 conopeptides in C. imperialis to as high as 401 conopeptides in C. sponsalis (Table 1 ). These precursors encoded between 66 and 338 unique mature toxins (also from C. imperialis and C. sponsalis, respectively, Table 1 ). We detected only one instance where C. coronatus and C. virgo expressed the same mature toxin (Co_O2_13, Co_O2_14, and Vi_O2_7, Additional file 8: Figure S2 ). In all other cases, each species expressed a unique repertoire of mature toxins with no overlap between species.
Species varied widely in which gene superfamilies were expressed (Table 1) . On average, each species expressed 28 gene superfamilies, with C. marmoreus expressing the lowest number of superfamilies (14 superfamilies, Table 1 ) and C. arenatus expressing the highest number of superfamilies (36 superfamilies, Table 1 ). Only four gene superfamilies were expressed by all the species examined in this study (M, N, O1, and O2, Additional file 2: Table S2 ). These four superfamilies were also the only superfamilies in common amongst the vermivores. The distribution of conopeptides across gene superfamilies per species tended to be skewed, such that > 50 % of the conotoxins originated from three to six gene superfamilies (Additional file 9: Table S7 ). The O1 superfamily contained the highest number of mature toxins for seven species, the M superfamily was the most abundant for three species, and the P and con-ikot-ikot superfamilies were each the most abundant for one species (Table 1) . Interestingly, the O1, M and con-ikot-ikot superfamilies were also amongst the most abundant conotoxins from a recent study from the transcriptomes of Conus tribblei and Conus lenavati [49] . The average number of cysteine frameworks found in each species was 24, with C. arenatus expressing the highest number of cysteine motifs (31 frameworks, Table 1 ) and C. marmoreus expressing the lowest number of cysteine motifs (16 frameworks, Table 1 ).
Interspecific conotoxin expression patterns
We used the RSEM algorithm to generate Transcript Per Million (TPM) values to compare venom duct expression levels between species [50, 51] . Total conotoxin expression, or the summed TPM values of conotoxin genes divided by total TPM of all transcripts, averaged 53 % among species and ranged from as low as 26 % in C. californicus to as high as 70.7 % in C. coronatus ( Table 2 ). The most highly expressed gene superfamily was the M superfamily for four species, the T superfamily for two species, the O1 superfamily for four species, and the Divergent_MRFYIGLMAA and L superfamilies each being the most abundant for one species (Table 2) . On average, the most abundantly expressed gene superfamily represented 28.0 % of total conotoxin transcripts ( Table 2 ). In C. ebraeus, C. marmoreus, C. sponsalis, and C. virgo, the most abundantly expressed gene superfamily did not contain the most highly expressed mature conotoxin (Table 2) . For example, while the most abundant gene superfamily was the M superfamily for C. ebraeus, the most highly expressed transcript was Eb_SF-mi2_2, a conotoxin from the SF-mi2 superfamily ( Table 2 ). The average contribution of the highest expressed mature toxin from each species to overall conotoxin expression was 16.1 % ( Table 2) . Conotoxin expression patterns tended to be dominated by a few gene superfamilies and mature conotoxins, such that 2-5 gene superfamilies and 2-23 mature toxins represented more than half of each species' conotoxin expression levels ( Table 2 , Additional file 10: Table S8 ). Amongst the most highly expressed gene superfamilies (i.e., representing > 50 % of conotoxin expression levels), we did not identify a single superfamily that was shared across all species (Additional file 10: Table  S8 ). We identified 14 gene superfamilies with expression levels contributing to at least 10 % of overall conotoxin expression in at least one of the species examined in this study, whereas 33 superfamilies never constituted more than 5 % of total conotoxin expression in any of the species (Fig. 1 , Additional file 11: Table S9 ).
Pseudogene expression
We report a single instance where a premature stop codon interrupts the coding region of an O1 conotoxin expressed by C. sponsalis (Sp_O1_79, Additional file 12: Figure S3 ). The stop codon appears within the signal region and the predicted mature conotoxin is identical to another conotoxin expressed by C. sponsalis (Sp_O1_87, Additional file 12: Figure S3 ). The pseudogenized copy, Sp_O1_79, is more highly expressed than the functional copy, Sp_O1_87, by two orders of magnitude (TPM = 1242.59 and TPM = 11.66, respectively, Additional file 12: Figure S3 ).
Diet and conotoxin composition
We employed the similarity statistic Schoener's D, a value commonly used to measure niche overlap in diet and/or microhabitat, to quantify the degree of overlap between conotoxin composition among cone snail species with different diets [52] . D values can range from 0 (no overlap) to 1 (complete overlap) [52] . To quantify venom composition similarity, we calculated the D statistic for ( Table S10 ). To control for phylogenetic signal, we generated residuals from a linear model between both values of D and pairwise phylogenetic distances from the time calibrated phylogeny. We used the residuals in an analysis of variance (ANOVA) to determine whether the distribution of conotoxin overlap values differed depending on whether or not the pairwise species comparison consisted of (a) a generalist and a vermivore, (b) a molluscivore and a vermivore, or (c) two vermivores. ANOVA results revealed no significant differences between these categories in both D mature (ANOVA, F = 1.69, p > 0.05) and D expression (ANOVA, F = 2.26, p > 0.05, Fig. 2 ). 
Dietary breadth and conotoxin complexity
To quantify dietary breadth, we retrieved Shannon diversity index values (H') representing the diversity of prey species consumed by ten of the cone snail species in this study that was available in the literature (Additional file 14: Table S11 , [30, [53] [54] [55] [56] [57] [58] ). To account for phylogenetic non-independence in regression analyses between conotoxin complexity and dietary breadth, we used a phylogenetic generalized least-squares (PGLS) analysis implemented in the caper package within R [59] . We found a significant positive relationship between averaged H' derived from the literature and three measures of conotoxin complexity: the number of mature toxins (PGLS, λ = 1, p < 0.001), the number of gene superfamilies (PGLS, λ = 0.861, p < 0.05), and the number of cysteine frameworks (PGLS, λ = 1, p < 0.05) (Additional file 15: Table S12 , Fig. 3 ). The inclusion of C. californicus in the PGLS analysis may bias the results because C. californicus is often regarded as an atypical member of Conidae due to its extremely broad diet and its distant phylogenetic relationship to the rest of Conidae [29, 34] . When removed, relationships remained significant between dietary breadth and the number of mature toxins (PGLS, λ = 0, p < 0.001), the number of gene superfamilies (PGLS, λ = 0, p < 0.05), but not the number of cysteine frameworks (PGLS, λ = 0, p > 0.05, Additional file 15: Table S12 ).
Discussion
Broad scale patterns of cone snail venoms
Through analysis of venom duct transcriptomes of 12 species spanning a broad phylogenetic distribution within Conidae, we were able to provide a snapshot of species level variation in conotoxin expression. For eight species within this study, the total number of predicted mature toxins was within the range of decades-old estimates of 50-200 conotoxins expressed per species (Table 1 , [36] ). The number of mature toxins for the four remaining species was above 200 (Table 1) . Our species-level estimates of conotoxin diversity conflict with a recent study that documented the existence of 3303 conotoxin precursor peptides from the venom duct transcriptome of Conus episcopatus [60] . Even when considering the total number of unique conotoxin precursors identified in this study across 12 species (2223 precursors, Table 1 , Additional file 2: Table S2 ), this value is still significantly less than what was reported from C. episcopatus [60] . Additionally, estimates of conopeptide diversity from our C. marmoreus transcriptome (81 unique conotoxin precursors, Table 1 ) is much lower than estimates from a previous study on the same species (263 unique conotoxin precursors, [42, 61] ). We hypothesized that these large differences occurred because of the somewhat common practice among cone snail transcriptome studies to identify conopeptides directly from read depth and subsequently to not verify each conotoxin through read mapping [31, 42, 60, 61] . In many cases, unique conopeptide precursors were only supported by a single read [31, 61] . These practices produce over-estimates of conopeptide diversity and can lead to erroneous insights on conotoxin variation among species by confounding biological variation with sequencing errors produced by next-generation sequencing platforms [62, 63] . Indeed, recent studies have invoked molecular mechanisms such as 'mRNA messiness' [31] and 'RNA editing' [51] to explain the unexpected abundance of lowly expressed transcript variants likely caused by sequencing errors. Our results echo the sentiments of a previous study emphasizing the importance of carefully and rigorously examining conotoxin sequences generated by new sequencing technologies [64] . Our results confirmed that conotoxin compositions are dominated by a few gene superfamilies and by a few number of transcripts [61, 65, 66] . This pattern was evident whether we examined conopeptide counts (Additional file 9: Table S7) or expression values (Table 2 , Additional file 10: Table S8 ). Interestingly, this pattern where venom compositions are dominated by a minority of toxins is also evident in some species of spiders [67] and snakes [11, 68, 69] . Conticello et al. (2001) hypothesized that lowly expressed transcripts, which represent the majority of the conotoxins in cone snail venoms, may not be critical for prey capture and are thus subject to weaker selection pressures that allow for functional divergence over time. These transcripts may provide the substrate for phenotypic novelty as adaptive regimes change, whereby lowly expressed transcripts that have gained new functions become upregulated in response to the environment [65] . It is unclear whether these processes are occurring in cone snail venoms because it is difficult to determine levels of gene expression that are biologically relevant. Further, the strong relationship between dietary breadth and conotoxin diversity documented in this study suggests that the entire complement of toxins is necessary for species to apprehend prey in their environment, indicating that lowly expressed transcripts likely have a significant role in prey capture (Fig. 3) .
Our estimates of total conotoxin expression in cone snails species from this study were within the range of values estimated from previous work ( Table 2, [28, 68, [70] [71] [72] ). Due to low sample sizes per species and a lack of variation in treatment conditions (e.g., age, stress, etc.), we cannot determine whether conotoxin genes are always expressed at similar magnitudes in the venom duct, or expression levels change due to demand at different time points in the lifetime of these organisms. However, if the level of transcription devoted to conotoxin production is constant among adult individuals, total conotoxin expression magnitude may be related to the frequency in which venom is utilized for prey capture, as implicated in [28] . Several laboratory observations report that some cone snail species swallow their prey whole without first injecting venom, though the extent to which this occurs in nature across Conidae is not well documented [53] . Interestingly, C. californicus has the lowest total conotoxin expression level estimated in this study and is known to scavenge on dead prey [73] , providing some evidence for this hypothesis.
Similar to reports from the de novo assembly of the C. episcopatus venom duct transcriptome [60] , Trinity performed poorly in reconstructing all conopeptide precursors reported in this study (Additional file 3: Table S3 ). This may be attributed to the conservation of the signal sequence in precursor peptides, which essentially function as abundant repetitive regions in venom duct RNAseq data. We hypothesize that algorithms devoted to assembly of repetitive regions (e.g., [74, 75] ) may streamline efforts to characterize Conidae venom duct transcriptomes, which will be the subject of future research efforts.
Conotoxin composition and diet
Although few broad comparative studies exist that examine variation in venom composition patterns across cone snail taxa, prey taxonomic class has remained the dominant framework by which cone snail venom evolution is studied [32, 76] and forms the basis for categorization of conotoxins on ConoServer, a molecular database of known conotoxins [32] . Contrary to common wisdom derived from numerous previous studies of cone snail venom, our results show unequivocally that prey class performs poorly in predicting conotoxin composition patterns among cone snail species. We did not detect a single gene superfamily that separated vermivores from the molluscivore or the generalist (Additional file 2: Table S2 ); rather, the defining feature across cone snail venoms was that every species, regardless of diet category, expressed a unique repertoire of conopeptides and gene superfamilies at different magnitudes (Additional file 2: Table S2, Table 2 , Fig. 1 ). The uniqueness of each species' conotoxin composition is underscored by moderate to low D values (Additional file 13: Table S10 ) and no apparent differences in the distribution of D values among species that do or do not share the same diet class (Fig. 2) . Unfortunately, we were not able to obtain venom duct RNAseq data for several molluscivores and piscivores, but our results are in agreement with a meta-analysis indicating that there is no gene superfamily that there is exclusive to any of the traditionally recognized diet types [77] .
The poor predictive power of diet class on venom composition patterns may be due to several factors. Estimated rates of gene duplication and nonsynonymous substitution rates for conotoxin genes are the highest across metazoans [24, 78] and these extraordinary rates of molecular evolution may be more likely to promote divergence rather than convergence in venom composition, as documented in this study. Alternatively, the lack of predictive power may be in part, due to how categories are constructed for venom components and diet classes. Prey specialization exists at the level of protein function, but it is known that conotoxin gene superfamilies generally do not provide predictive information on protein function and conotoxins targeting similar neurological targets can evolve convergently in several gene superfamilies [32, 35] . Further, a past meta-analysis showed that the distribution of signal sequence identities (which are used to distinguish between gene superfamilies) between conotoxins within a gene superfamily and between gene superfamilies are largely overlapping [77] , suggesting that the gene superfamilies are somewhat arbitrary constructions in and of themselves. Therefore, characterizing conotoxin composition patterns by gene superfamilies does not fully measure functional similarities and differences in conotoxins between species. Prey classes may not explain conotoxin composition patterns potentially due to an over generalization of the diversity present within the vermivorous category. Vermivory, as traditionally used in Conidae studies, is broadly defined and includes a wide variety of taxa that represent hemichordates, echiurans, and several polychaete families that diverged ≥ 400 million years ago [37, 79] . Future studies that account for the taxonomic breadth of worms and the functional diversity of conotoxins may better predict patterns of venom composition among species.
We found strong support for a highly significant, positive relationship between venom composition complexity and dietary breadth across cone snails (Fig. 3) , corroborating hypotheses that were made from species that represent the extremes of the dietary breadth spectrum in Conidae [28, 29] . The total number of mature toxins provided the strongest predictor of this relationship, possibly because mature toxin diversity better encapsulates functional diversity in cone snail venoms. The relatively weaker correlations documented for gene superfamilies and cysteine frameworks support the notion that these traditional means of classifying conotoxins are not simple or direct correlates of conotoxin function (Fig. 3 , Additional file 15: Table S12 [64, 80] ). The positive relationship between dietary niche breadth and venom composition complexity corroborates the niche variation hypothesis, suggesting that diverse venoms are required to subdue diverse prey. Although the majority of studies invoking this hypothesis focus on population level trait variance within species (e.g., [81] ), our results extend the generality of this hypothesis to species-level patterns of conotoxin complexity across cone snails. These results also align with observations on venom complexity in snakes [11, 12, 33] , suggesting that dietary breadth may explain evolutionary trends in venom complexity across radiations of venomous taxa.
At the population level, cone snails follow the predictions supported by the niche variation hypothesis, such that snail populations with a larger dietary breadth show greater population-level allelic diversity in some conotoxin loci [30, 82] . How these population-level patterns translate into species-level properties remains unclear. Although conotoxin allelic diversity is higher in populations with greater dietary breadth, each individual within the population possesses only a small subset of the available alleles per locus because these alleles belong to individual loci and are not separate genes [30, 82] . Presumably, gene products encoded by these loci are effective at paralyzing diverse prey and toxins encoded by variants at these loci may be more effective if expressed in tandem [82] . Given the exceptional rates of gene duplication estimated within this group [24] , gene duplication presents a mechanism by which allelic variants previously restricted to a single conotoxin locus can ultimately evolve to be expressed simultaneously through duplication, potentially leading to species-level patterns of venom composition complexity and dietary breadth.
What are the evolutionary consequences of increased dietary breadth? Our results imply that dietary breadth plays a role in determining how many conotoxins are utilized for prey capture. Consequently, this also determines the number of genes available for forces such as mutation, selection, and drift to generate novel functions for adaptation. Higher gene diversity is thought to provide increased opportunities for novel phenotypes to arise [83] , potentially shaping a lineage's evolvability, or a lineage's capacity to evolve in response to their environment [84] . Therefore, greater dietary breadth (leading to higher gene diversity) may signify a larger potential for lineages to diversify, potentially influencing patterns of species diversification in cone snails. Although venom is viewed as a key innovation and thought to play a major role in the evolutionary diversification of venomous taxa [1, 85] , the interplay between diet and venom on patterns of lineage diversification is rarely tested explicitly. High resolution molecular phylogenies of venomous taxa and comprehensive venom composition data that can now be rapidly obtained using new sequencing technologies will provide the necessary datasets to facilitate an examination of the evolutionary dynamics of diet, venom, and speciation over long evolutionary time-scales.
A recent study showed that cone snail species may inject separate suites of conopeptides for predation and defense, and that defensive venoms are produced in the proximal region of the venom duct while predatory venoms are produced in the distal region [86] . Because we generated our venom duct RNAseq data from the entire length of the organ, our results may be confounded between these two distinct ecological roles that venom performs. However, it is unclear how broad this pattern is throughout cone snails. In many cases, functional work has shown that venoms extracted from different regions of the venom duct were able to successfully paralyze prey [16, 17] . In addition, the functional roles of conotoxins that are relevant to each species' ecology are poorly understood. Conotoxin function is typically determined by assays in mice or vertebrate neuronal cells which are not representative of the intended targets of conotoxins [35] ; as previously asserted in snake systems [18, 19] overinterpretation of these results can lead to misleading or conflicting inferences. For example, a δ-conotoxin (a type of conotoxin thought to be critical for fish-hunting) isolated from the vermivore, Conus susturatus, was implicated as a defensive toxin against fish predators due to its effects on vertebrate sodium ion channels and its proximal expression in the venom duct, where defensive toxins are thought to be synthesized [87] . However, behavioral observations from Conus tessulatus, a vermivore in the same subgenus that also expresses a similar δ-conotoxin, was shown to prey on fish on occasion through venom injection [88] . These results emphasize the necessity of examining conotoxins in the context of each species' ecology to accurately understand the natural history of cone snails.
Conclusion
In contrast to the most widely accepted hypothesis of cone snail venom evolution, diet class did not predict patterns of venom composition among cone snails. These results suggest either (a) the fast rates of venom evolution drive rapid divergence of conotoxin composition that bear no relationship to prey taxonomic class, or (b) current ways of categorizing both prey species (i.e., worm, mollusc, fish) and conotoxins (i.e., gene superfamily) fail to accurately reflect evolutionary interactions between dietary specialization and venom function. Therefore, future studies placing more emphasis on the taxonomic breadth of cone snail prey and conotoxin function on prey capture may better encapsulate the impact of diet on cone snail venom evolution. In addition, our results highlight the importance of dietary breadth in shaping species-level venom complexity patterns among cone snails. To our knowledge, this relationship is rarely tested quantitatively across venomous radiations despite its potential to explain variation in venom complexity as demonstrated here. While our results show that species with broad diets tend to have more diverse venoms, the evolutionary consequences of this tendency remains unclear. What is certain is that selective pressures driven by diet plays a major role in shaping evolutionary patterns in venom across cone snails and other venomous taxa.
Methods
Sampling and sequencing
We collected one individual from 11 species of Conus from Bali, Indonesia (C. arenatus, C. coronatus, C. ebraeus, C. imperialis, C. lividus, C. marmoreus, C. quercinus, C. rattus, C. sponsalis, C. varius, C. virgo) and WF Gilly provided 1 C. californicus species from Monterey Bay, California. We immediately placed dissected venom ducts from live snails in RNALater and stored samples in a 4°C refrigerator until they could be placed in a−20°C freezer within 2 weeks of collection. All snails were adults and were starved for at least 24 h prior to the dissections. We isolated RNA using TRIzol reagent (Invitrogen, USA) and purified the sample using a Qiagen RNeasy Mini Kit. We extracted RNA from the entire venom duct, or along sections of the venom duct if it was particularly long because venom composition is known to change along the length of the duct in some species [89] . We used Bioanalyzer traces to assess total RNA quality and to determine suitability for sequencing. We constructed cDNA libraries by using the TruSeq RNA Sample Prep Kit to recover mRNA via Poly-A selection, synthesize cDNA, ligate adapters, and index samples. We sequenced all 12 samples on a single Illumina HiSeq 2000 lane with 100-bp paired-end reads.
Transcriptome assembly
During initial attempts to assemble transcripts in Trinity, we were not able to assemble known transcripts present in the sequencing data, potentially due to the repetitiveness and high sequence complexity of venom transcripts. To circumvent this issue, we employed an iterative assembly approach. For each iteration, we trimmed adapters and low quality bases using Trimmomatic [90] , merged reads using FLASh [91] , and assembled transcripts using Trinity [40] . During the first assembly iteration, we assembled a 0.1 % random subset of the total reads for each sample. Then, we used blastx to identify transcripts with similarity (evalue = 1-e10) to known conotoxin genes listed on ConoServer. We used bowtie2 [92] to align and identify reads that matched to those putative venom transcripts. For the second iteration, we assembled reads from the 0.1 % subset that did not align to venom transcripts identified from the first iteration. Then, we identified additional putative venom transcripts from the contigs generated. For the final iteration, we assembled reads from the full dataset that did not align to venom transcripts identified from the first two iterations and identified additional contigs that shared similarity to conotoxins.
Conopeptide identification
We used Conosorter to identify novel venom transcripts and took a conservative approach towards accepting venom transcripts because ConoSorter has a tendency to over-classify sequences. For example, the recently discovered Y2 superfamily identified through ConoSorter is actually molluscan insulin [93] . We used ConoSorter to analyze transcripts with TPM values > 1000 and retained conotoxins that (1) had all three conotoxin regions (i.e., signal region, propetide region, and mature toxin coding region) and (2) a precursor protein length > 38 and < 200 (boundaries were generated based from the empirical length distribution of conotoxin proteins identified from this study). We used blastx to query the novel venom transcripts for similar sequences in every transcriptome in our dataset and also against the ConoServer database. We retained sequences if similar signal regions could be found in the transcriptomes of other species or in ConoServer. We removed transcripts if they produced erroneous blast results (e.g., best-scoring transcript in a different species' transcriptome produced a protein with several stop codons), suggesting that the novel conotoxin identified by ConoSorter may have been in an incorrect reading frame.
To generate a venom gene reference for each species, we combined all venom transcripts from each assembly iteration and transcripts identified through ConoSorter. We used Python scripts to remove transcripts with redundant proteins and transcripts belonging to the incorrect species. We identified several cases where highly expressed transcripts in one species could be found at low representation in some, or in all of the other species sequenced. We note that cross-contamination across every single sample is unlikely, given that these samples were prepared in different sets and were pooled just before sequencing. We hypothesized that this phenomenon occurred due to cluster misidentification during sequencing, potentially due to high sequence similarity of conotoxin transcript signal sequences. We used blastp to identify and remove transcripts from species that had high identity (>95 %) in the protein coding region to another species. Here, we do not expect >95 % identity across the entire conotoxin precursor protein across the taxa in this study, given the exceptionally high nonsynonymous substitution rates estimated in venom genes from Conidae [37] . We chose the transcript from the species that had the highest coverage (estimated using bowtie2) to be the true transcript.
To reassemble transcripts that were incomplete (missing start or stop codon), we used an approach called Assembly by Reduced Complexity (ARC, https://github.com/ibest/ ARC). ARC is a pipeline that allows for de novo assembly of specific targets by only assembling reads that map to reference targets. We removed venom transcripts that could not be reassembled, or were not full length (included a start and stop codon) after a maximum of three ARC iterations. Then, we used bowtie2 to map reads to all venom genes to verify the nucleotide sequence of each putative conotoxin. We removed sequences that did not have reads aligning to the entire length of the transcript.
Through mapping, we identified sequence polymorphisms in the conotoxin transcripts. In some cases, these polymorphisms represented allelic differences and we generated a separate conotoxin sequence if the sequence translated into a unique precursor peptide. In other cases, the polymorphisms represented completely distinct conotoxin transcripts that were never assembled, but partially mapped to the existing reference. We assembled these conotoxin transcripts by manually aligning representative reads in Geneious (Biomatters, Auckland, New Zealand) and verified each sequence through additional read mapping. To check for chimeric sequences, we generated 80 bp fragments every 20 bp along the length of each transcript and searched for the existence of these fragments directly from read depth for sequences that had > 30X coverage. We manually examined sequences flagged by this filter and removed sequences if necessary. We used ConoPrec to remove sequences that did not have a clearly defined signal sequence. Finally, we manually inspected all venom genes to identify any unusual conotoxin transcripts.
Conopeptide classification
We employed several approaches to classify conotoxins into gene superfamilies. First, we compared conotoxin transcripts to sequences from the ConoServer database using a blastx search and assigned transcripts to gene superfamilies using the best-scoring hit. For transcripts that did not have a blast hit, we compared signal sequences using blastp against the ConoServer database and classified transcripts to gene superfamilies that had a percent signal sequence similarity > 76 %, a threshold used in a previous study [38] . We noted that the Divergent_M-L-LTVA superfamily was composed of several transcripts with unique signal sequences. With members of this superfamily along with all other unclassified transcripts, we aligned signal sequences and generated a pairwise distance matrix in Geneious. Then, we used a custom Python script to cluster conopeptides that shared a percent signal sequence similarity > 70 %. We derived this threshold empirically to minimize the number of clusters, yet still represent salient differences among clusters (e.g., similar cysteine frameworks). We provided names for novel, reclassified, and unclassified superfamilies with five letters representing the first five amino acids that the majority of their constituent sequences shared.
To provide names for conotoxin precursors identified in this study, we followed the naming conventions similar to [49] . Briefly, we named each conotoxin with the following: two letters to denote the species, the gene superfamily name, and a number denoting the order of discovery within the gene superfamily for that species. These fields are separated with an underscore. We did not provide new names for previously identified conotoxins unless there was evidence of species misidentification in previous work.
Phylogeny inference
For all transcripts not classified as conotoxins, we used CAP3 [94] to reduce redundancy and annotated the transcriptomes using blastx against the Lottia gignatea (owl limpet) protein database [46] . To identify putatively orthologous loci for phylogenetic reconstruction, we employed a reciprocal blast approach via blastx and tblastx between each species' transcriptome and the L. gigantea database. We retained loci that had at least ten species represented. For each of these loci, we also considered other contigs within each species' transcriptome that was annotated with the same protein, but spanned a non-overlapping portion because transcriptomes are often fragmentary. We created alignments using MAFFT [95] and manually inspected each locus in Geneious. We used a custom Python script to calculate uncorrected patristic distances between all possible pairwise comparisons of the taxa in this study. For each comparison, we removed loci with patristic distances greater than two standard deviations away from the mean to remove potential paralogous sequences. We concatenated all loci and inferred a phylogeny using RAxML under a GTRGAMMA model of sequence evolution with 100 bootstrap replicates [35] , rooting our tree using C. californicus based on previous phylogenetic hypotheses [21] .
We dated the maximum likelihood phylogeny generated from RAxML using the program r8s with two fossil calibrations: a fixed rate of 55 my (million years) representing the origin of cone snails in the fossil record at the root of the tree [47] , and a minimum constrained age of 11my (the earliest date showing fossil evidence of both C. lividus and C. quercinus) at the node representing the ancestor of C. lividius and C. quercinus [37] . The inclusion of C. californicus in this study allowed us to place the fossil calibration at the root because this node possibly represents the ancestor to all Conidae [34] .
Conotoxin expression
We removed transcripts with significant homology to the mtDNA genome of Conus consors and the L. gigantea non-coding RNA database via blastn to remove potential biases associated with quantifying venom expression. To normalize read counts, we used the RSEM algorithm to map reads with bowtie2 and generate TPM values. We only included the conotoxin coding regions in the mapping reference when calculating conotoxin expression levels.
Diet and conotoxin composition
To calculate overlap in conotoxin composition among species, we employed Schoener's D statistic [52] : where p x and p y represent the frequencies for species x and species y for the ith category. D ranges from 0 (no niche overlap) to 1 (niches are identical). We calculated D by using (a) the percentage of mature conotoxins belonging to each gene superfamily (D mature ) and (b) the percentage of overall conotoxin expression levels for each gene superfamily (D expression ) for all possible pairwise species comparisons. We categorized each comparison as either occurring between (a) a generalist and a vermivore, (b) a molluscivore and a vermivore, or (c) between two vermivores. To control for phylogenetic signal, we generated a pairwise phylogenetic distance matrix from the time-calibrated phylogeny using the R package picante [96] . Then, we calculated residuals from a linear regression model between phylogenetic distance and both D values. We used the residuals in an ANOVA to determine whether the distribution of overlap values between the species comparisons were significantly different based on diet.
Dietary breadth and venom complexity
We obtained dietary breadth measurements estimated by Shannon's diversity index values (H') for 10 species from primary literature [30, [53] [54] [55] [56] [57] [58] . We retrieved H' values directly from these past studies or calculated them if necessary. When calculating H' , we ignored categories that appeared to represent an amalgamation of several unidentified taxa. We only included H' values that were calculated from at least 5 individuals where the prey item could be identified to the genus level. We generated average H' for each species rather than recalculate H' values for the total number of prey taxa that each species can consume, because each cone snail species preyed on a different set of taxa depending on the geographic locality and what congeners were present [53] [54] [55] [56] [57] . We quantified conotoxin composition diversity as either the (a) number of mature toxins, (b) number of gene superfamilies, or (c) number of cysteine frameworks. We correlated these values with averaged values of H' in a PGLS analysis implemented in the R package caper. When performing regression analyses, the PGLS function in caper incorporates a covariance matrix by using branch lengths from an ultrametric phylogeny and assuming a Brownian motion model of trait evolution [59] . We executed these analyses with and without C. californicus.
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